The seasonal cycle of the zonal-mean zonal momentum balance in the Tropics is investigated using NCEP reanalysis data. It is found that the climatological stationary waves in the tropical upper troposphere, which are dominated by the equatorial Rossby wave response to tropical heating, produce an equatorward eddy flux of westerly momentum in the equatorial belt. The resulting westerly acceleration in the tropical upper troposphere is balanced by the advection of easterly momentum associated with the cross-equatorial mean meridional circulation. The eddy momentum fluxes and the cross-equatorial flow both tend to be strongest during the monsoon seasons, when the maximum diabatic heating is off the equator, and weakest during April-May, the season of strongest equatorial symmetry of the heating. The upper-level Rossby wave pattern exhibits a surprising degree of equatorial symmetry and follows a similar seasonal progression. Solutions of the nonlinear shallow water wave equation also show a predominantly equatorially symmetric response to a heat source centered off the equator.
Introduction
The angular momentum balance of the atmosphere is dominated by the poleward flux of westerly momentum associated with high-frequency baroclinic waves and low-frequency quasi-stationary eddy circulations in the subtropical and midlatitude upper troposphere (Starr 1948; Peixoto and Oort 1992) . However, at low latitudes the eddy momentum flux is directed toward the equator (Starr et al. 1970; Rosen and Salstein 1980) , which implies an equatorial source of wave activity and a convergence of westerly momentum in the equatorial belt. Since easterly winds are prevalent in the equatorial region, some other aspect of the tropical circulation must provide a mean easterly acceleration in order to balance the convergence of eddy momentum fluxes. Lindzen and Hou (1988) noted that the mean meridional circulation (MMC) on Earth almost always exhibits some amount of equatorial asymmetry, and found that the equatorward transport of low angular momentum air by a Hadley cell straddling the equator produces a strong easterly acceleration over the equator in an axisymmetric model. Lee (1999) showed that the seasonal cycle of the MMC at 200 hPa induces a momentum flux divergence in the equatorial belt that offsets the momentum flux convergence associated with the eddies. Also Kraucunas and Hartmann (2005, hereafter KH) demonstrated that eddy forcing at low latitudes in an idealized general circulation model (GCM) leads to persistent equatorial superrotation under equatorially symmetric boundary conditions, but not under solstitial boundary conditions. These results imply that the equatorial asymmetry of the MMC is crucial for maintaining the deep easterly flow at the equator in the presence of the westerly acceleration induced by tropical eddies.
In this study, we analyze the tropical angular momentum balance in further detail, making use of the National Centers for Environmental Prediction (NCEP) reanalyses at all available levels. We consider both the zonally averaged flow, as in previous analyses of Lindzen and Hou (1988) , Lee (1999) , Kraucunas and Hartmann (2005) , and the horizontal structure of stationary waves in the equatorial waveguide that are responsible for most of the forcing. The interrelationship between the cross-equatorial MMC and the distinctive characteristics of the equatorial waves in the upper troposphere has not been emphasized in previous studies. We also investigate the degree of hemispheric symmetry of the equatorial stationary waves as a function of season and relate this to the solutions of a simple non-linear shallow water wave equation model. Section 2 describes the dataset used and analysis techniques, section 3 presents the results, and the final section discusses their dynamical implications.
Data and analysis techniques
This study is based on daily zonal and meridional wind, vertical pressure velocity (omega) and geopotential height from the NCEP-National Center for Atmospheric Research (NCAR) reanalyses over the 1979-2001 period of record (Kalnay et al. 1996) . The data are mapped on a 2.5°ϫ 2.5°global latitude ϫ longitude grid and are available on 17 levels corresponding to the 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20 , and 10 hPa pressure surfaces. The domain of this analysis extends up to 50 hPa.
The Stokes streamfunction field ⌿, which we use to define the MMC, is calculated by performing a downward integration of the meridional wind at all available levels and then applying a small, uniform correction at each level to ensure that ⌿ ϭ 0 at the lower boundary. For some figures we also make use of the Climate Prediction Center Merged Analysis of Precipitation (CMAP) described by Xie and Arkin (1997) .
The daily data are first averaged over each of the 73 pentads (i.e., 1-5 January, 6-10 January, etc.) of the calendar year, then the means from each individual pentad (including covariance quantities) are averaged over the 23-yr period of record to obtain 73 long-term (or climatological) pentad-mean values for each variable. Finally, the long-term pentad-mean data are averaged over individual months, seasons, and the entire year to obtain monthly, seasonal, and annual-mean values for each variable, respectively.
Means of six consecutive pentads within JanuaryFebruary (JF) and July-August (JA), when the strongest mean meridional circulations occur, are used to represent what we will refer to as the monsoon seasons, and intervals of comparable length within April-May (AM) and October-November (ON), when the Hadley circulations in the Northern and Southern Hemispheres are of comparable intensity, are used to represent the transition seasons (Table 1) . The features emphasized in this study are robust with respect to the definition of the monsoon and transition seasons. For example, similar results are obtained when the seasons JF, AM, JA, and ON are defined on the basis of calendar months.
In formulas, the subscript d indicates an individual daily value, "an" indicates the long-term annual mean, c indicates a climatological (23 yr) pentad-mean value, and variables without subscripts indicate means for individual pentads. Hence, the zonal wind for a particular location and day may be written u d ϭ u an ϩ uЈ c ϩ uЈ ϩ uЈ d , where uЈ c ϭ u c Ϫ u an represents the deviation from the annual mean associated with the climatological seasonal cycle, uЈ ϭ u Ϫ u c indicates low-frequency nonseasonal (i.e., interannual and intra-annual) variability, and uЈ d ϭ u d Ϫ u reflects high-frequency (intrapentad) variability. This temporal separation of the terms allows for a clearer definition of the relative importance of eddies with different time scales in the equatorial momentum budget.
In section 3, the angular momentum balance is diagnosed using the zonally averaged zonal wind equation in the advective form, which may be written as
Ѩ͓u͔
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The notation here is standard, with brackets denoting zonal averages, and asterisks denoting deviations from the zonal mean. For seasonal or annual averages, the zonal wind tendency is negligible and the individual terms on the rhs of (1) 
Annual and seasonal mean fields
a. The annual mean Figure 1 shows the long-term annual-mean zonally averaged zonal wind and MMC. The dominant features in the zonal wind field (Fig. 1a) are the midlatitude westerly jets. Easterlies prevail in the Tropics, with lowlevel maxima in the trade wind belts and an isolated maximum in the upper troposphere centered a few degrees north of the equator. The long-term annual-mean MMC (Fig. 1b) is dominated by a pair of Hadley cells straddling a belt of ascent centered at ϳ5°N, the mean latitude of the ITCZ. The southern cell is wider and ϳ25% stronger than the northern cell, with crossequatorial flow evident at both upper and lower levels. Figure 2 shows the long-term annual-mean meridional and vertical fluxes of westerly angular momentum by the eddies. Sandwiched between the belts of poleward fluxes in midlatitudes are weaker equatorward fluxes with maxima centered near 10°S and 10°N at the 150-hPa level (Fig. 2a) . The northward fluxes are somewhat stronger than their Northern Hemisphere counterparts, and (like the MMC in Fig. 1b ) extend slightly across the equator. The vertical transport of momentum by the eddies (Fig. 2b) is downward in the tropical upper troposphere, and strongest directly below the maximum meridional flux convergence. In contrast to the numerical simulations of KH, we find that the vertical fluxes in the NCEP reanalyses play only a minor role in the angular momentum balance and thus we neglect them in our analysis.
To document the contributions from eddies at different time scales to the momentum fluxes in Fig. 2a , the annual-mean meridional transport of angular momentum by eddies was decomposed into the components defined in (2). Figure 3 shows cross sections of these four components. In the extratropics eddies at all four time scales contribute to the poleward eddy momentum flux, consistent with results of Peixoto and Oort (1992) . In contrast, within the tropical belt the equatorward eddy momentum transport is dominated by the stationary wave contribution (Fig. 3a) , while the seasonally varying component (Fig. 3b ) and the nonseasonal term resolved by pentad data (Fig. 3c ) make a secondary contribution. Lee (1999) obtained similar results, although her analysis focused on the characteristics of the inter-and intra-annual eddies in the frequency domain and did not emphasize the singular importance of the standing eddies in the zonal momentum balance. Figure 4 shows the annual-mean 150-hPa geopotential height and horizontal wind fields superimposed on the annual-mean precipitation field, which may be viewed as a proxy for tropical diabatic heating. It is interesting to note that the main features observed in the NCEP data are reproduced in theoretical representations of the circulatory response to tropical heating variations. The flow pattern over the western Pacific and Indian oceans resembles the linear planetary wave response to an isolated equatorial mass source (Matsuno 1966) or a midtropospheric heat source (Gill 1980) on an equatorial ␤ plane. The pattern is characterized by an equatorial Kelvin wave to the east of the maximum latent heating and a pair of anticyclonic Rossby gyres at, and to the west of, the eddy forcing. These features bear an even stronger qualitative resemblance to the nonlinear solutions to the shallow water wave equation [see, e.g., Van Tuyl (1986) for the full set of these equations] forced by an isolated heat source on the equator (Fig. 5 ). The observed (Fig. 4 ) and, to a lesser extent, the modeled ( the equator both exhibit a predominantly northwestsoutheast tilt in the Northern Hemisphere and a southwest-northeast tilt in the Southern Hemisphere, with diffluent easterly flow over the Indian Ocean and confluent westerly flow over the central Pacific. This tilt is responsible for the equatorward eddy flux of westerly momentum noted in Figs. 2a and 3a .
The leading terms in the annual-mean zonal momentum balance (1) are shown in Fig. 6 . In the free troposphere there exists a strong compensation between the MMC term ( Fig. 6a ) and the eddy momentum flux convergence (Fig. 6b) . The contribution from the vertical eddy flux and mean vertical advection (not shown) are ϳ3 to 4 times smaller than the leading terms; including these terms does not significantly alter the appearance of the residual in Fig. 6c . The most significant imbalances (Fig. 6c) occur outside of the region of interest in this study: in the boreal stratosphere, where gravity FIG. 5 . Nonlinear solution of the shallow water wave equation forced by an equatorial heat source. The geopotential height field is contoured, the wind field is represented by arrows, and the heat source is shown in gray shades. The response bears a strong qualitative resemblance to the observed zonal variations in the geopotential height and wind fields. wave drag is an important factor, and in the planetary boundary layer where frictional drag is a significant term in the momentum balance. Figure 7 shows the annual-mean acceleration induced by the MMC (Fig. 6a) decomposed into annualmean and seasonally varying components, in accordance with (3). The upper tropospheric advection of momentum by the annual-mean meridional winds (Fig.  7a) induces a weak easterly acceleration near the equator by virtue of the small equatorial asymmetries in the annual-mean MMC and zonal-mean zonal winds (Figs.  1a,b ), but this acceleration is clearly not sufficient to balance the annual-mean eddy momentum flux convergence over the equator (Fig. 6b) . The seasonally varying MMC advection (Fig. 7b) , on the other hand, induces an easterly acceleration throughout the tropical upper troposphere by virtue of a strong positive temporal correlation between the climatological seasonally varying mean meridional wind ([] c ) and the mean zonal wind gradient (‫[ץ‬u] c /‫ץ‬y) over the course of the year. This relationship is examined in more detail below.
b. The monsoon seasons
The zonally averaged zonal wind, MMC, and eddy momentum fluxes during the monsoon seasons January-February and July-August are shown in Fig. 8 . During both seasons, strong easterly flow is present in the tropical upper troposphere of the summer hemisphere (Figs. 8a,d) ; note also the resemblance between the location of maximum equatorial summer easterlies (Fig. 8d) and that in the annual mean (Fig. 1a) . Also, during those seasons, the MMC is dominated by a single cell straddling the equator (Figs. 8b,e) . In the upper troposphere over the equator, ‫[ץ‬u]/‫ץ‬y is positive during JF and negative during JA, while [] is of opposing sign. Hence, the meridional advection of zonal momentum by the MMC induces strong easterly accelerations in the tropical upper troposphere during both monsoon seasons, and accounts for much of the seasonally varying MMC advection in the annual-mean zonal momentum balance (Fig. 7b) .
The eddy momentum fluxes in the equatorial belt, previously pointed out by Newell et al. (1972) and Wallace (1983) , are also much stronger during the monsoon Figure 9 shows the climatological mean geopotential height and horizontal winds at the 150-hPa level during JF and JA, along with the corresponding precipitation fields. As in the annual-mean patterns (Fig. 4) , the longitudinal variations over the Maritime Continent resemble the stationary wave response to an idealized midtropospheric heat source. The JF pattern in Fig. 9 resembles the annual mean (Fig. 4) , with a slight enhancement of the Southern Hemisphere geopotential height features, while the JA circulation is dominated by the Tibetan anticyclone associated with the Asian summer monsoon. Cross-equatorial flow from the summer hemisphere into the winter hemisphere is clearly evident in the sectors dominated by the monsoon circulations. The easterly component of the air flowing across the equator gives rise to the eddy fluxes of westerly momentum from the winter hemisphere into the summer hemisphere in Figs. 8c and 8f .
Many of the features of the geopotential height and wind patterns in the Tropics are qualitatively replicated in the nonlinear solution to the shallow water wave equation forced with a heat source centered ϳ8°off the equator, shown in Fig. 10 . As in the observations, the stationary wave pattern is most intense and most of the cross-equatorial flow takes place near and just to the west of the heating and the maximum values of geopotential height.
As in the annual mean, the zonal momentum balance for the monsoon seasons (Fig. 11) is marked by a cancellation between the easterly acceleration associated with the cross-equatorial flow in the upper branch of the MMC (Figs. 11a,c) and the westerly acceleration associated with the convergence of the eddy momentum fluxes in the equatorial belt (Figs. 11b,d ). Both these terms are substantially stronger than the corresponding annual-mean fields shown in Fig. 6 . It is obvious why the MMC term should be stronger, but it is notable that the eddy momentum flux convergence is stronger as well. 
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c. The transition seasons
In this subsection we examine the mean circulation during the transition seasons, when the monsoons are relatively weak and the MMC is more equatorially symmetric. Figure 12 shows the mean zonal wind, MMC, and eddy momentum fluxes during April-May and October-November. The sections for AM exhibit a high degree of equatorial symmetry, with westerly jets centered at ϳ30°latitude in both hemispheres, very weak cross-equatorial flow, and virtually nonexistent eddy momentum fluxes in the deep Tropics.
In contrast to AM, the zonally averaged circulation statistics for ON exhibit a substantial amount of equatorial asymmetry. The Southern Hemisphere MMC cell (Fig. 12e) extends ϳ7°latitude into the Northern Hemisphere, and the belt of easterly surface winds (Fig.  12d) is also shifted north of the equator. The tropical eddy momentum fluxes (Fig. 12f) are much stronger during ON than during AM and, as in the monsoon seasons, are directed opposite to upper level []. The differences between the AM and ON zonal wind and MMC fields are highlighted in Fig. 13 . In agreement with results of Fleming et al. (1987) , the Northern Hemisphere westerly jet stream is shifted northward in ON relative to AM. Both the Ferrel cell and the Hadley cell are shifted northward relative to their AM positions in the Northern Hemisphere. Figure 14 shows the horizontal wind and geopotential height fields at the 150-hPa level during the transition seasons. Vestiges of the Asian summer monsoon circulation are still apparent during ON, with northeasterly flow over the Maritime Continent and the Indian Ocean. In contrast, the AM stationary waves are weak and the circulation is essentially symmetric about the equator. Although it is not immediately apparent from Fig. 14a , it is interesting to note that the zonally averaged geopotential height over the equator belt is higher during AM than during any other season. Figure 15 shows the annual cycle of the climatological monthly mean zonally averaged zonal wind, meridional wind, and eddy momentum fluxes at the 150-hPa level, and Fig. 16 shows the annual cycle of the dominant terms in the zonal momentum balance [Eq. (1)] at that level. The zonally averaged and root-mean-square precipitation fields {rms(precip) ϭ [precip* 2 ]
d. Seasonal variations in the zonally symmetric flow
1/2 } are indicated by shading in Figs. 15b and 15c , respectively. All three of the contoured fields in Fig. 15 exhibit a strong, quasi-sinusoidal annual cycle (Dima and Wallace 2003) , with opposing extrema in the monsoon seasons and weaker, more equatorially symmetric latitudinal profiles during the transition seasons. The mean meridional wind and flux of eddy momentum both exhibit a pronounced seasonal reversal, which accounts for the relatively weak annual-mean MMC and eddy momentum fluxes in Figs. 1b and 7b and 16a, is also apparent. The meridional winds in Fig. 15b emanate from the belts of heavy zonally averaged precipitation, and the eddy fluxes of westerly momentum in the deep Tropics (Fig. 15c) are directed toward the belts of high rms precipitation, which presumably represent the regions with the strongest eddy forcing. It is also apparent from Fig. 16 that the strong compensation between the mean meridional advection term and the eddy momentum flux convergence noted during individual seasons (Fig. 11) is present throughout the year at that level. Several other features of the annual cycle in Fig. 15 relate to the distinctions between the AM and ON transition seasons. The Northern Hemisphere westerlies are located farther poleward during ON than during AM, and the zero wind line that separates the midlatitude westerlies from the tropical easterlies shifts northward abruptly during late spring and returns more gradually in autumn, consistent with results of Fleming et al. (1987) . The tropical rain belt is also located farther northward during ON than during AM.
Upon close inspection of Fig. 15a , it is evident that Fig. 17 . The semiannual character of the zonal wind is not restricted to the equatorial belt, but extends into middle latitudes. We will consider the semiannual variability of the tropical circulation in further detail in the next section.
e. Seasonal variations in the eddies
The equatorially asymmetric, seasonally reversing component of the stationary waves near the equator accounts for the eddy flux of westerly momentum across the equator from the winter hemisphere into the summer hemisphere, as documented in Fig. 8 . However, the equatorially symmetric part of the tropical stationary waves accounts for roughly 3/4 of the eddy kinetic energy at the 150-hPa level equatorward of 30°o f latitude and exhibits a pronounced semiannual cycle, with maximum amplitude during the monsoon seasons (Fig. 18) .
The equatorially symmetric component of the upperlevel flow pattern in JF, AM, JA, and ON is shown in Fig. 19 . A Rossby wave couplet is evident throughout the year over the Indo-Pacific sector. This equatorially symmetric wave pattern is strongest during JF and JA and weakest during AM. The center of the gyres shifts in longitude from ϳ160°E in JF to ϳ80°E in JA. This east-west shift in the stationary wave pattern is accompanied by a subtle shift in the relative prominence of the rainfall maxima that lie just to the east and to the west of the marine continent. Equatorial easterlies are evident year-round in the zone of east-west geopotential height gradient within and to the west of the Rossbywave couplet. The tropical easterly jet across the equato- rial Indian Ocean during JA is a manifestation of this feature. Only during JF, when the geopotential height gradients along the equator are particularly strong, do the westerlies in the Kelvin-wave signature, to the east of the couplet, make a significant contribution to the Tropicswide rms eddy kinetic energy.
Discussion and conclusions
In this study, fields derived from the NCEP reanalyses have been used to investigate the seasonal evolution of the zonally averaged circulation, the climatologicalmean stationary waves, and the zonal momentum balance in the tropical upper troposphere. The zonally averaged component of tropical diabatic heating forces a seasonally reversing, thermally direct MMC cell, with strong cross-equatorial flow at the 150-hPa level during the monsoon seasons. The advection of momentum by this cross-equatorial flow induces an easterly acceleration of the upper tropospheric zonal flow, which is balanced by the convergence of westerly momentum by the stationary waves. This balance prevails in both the annual-mean and individual seasons. The strength of the tropical eddy momentum fluxes varies in concert with the strength of the mean meridional flow across the equator, so that the net acceleration experienced by the zonal flow in the tropical upper troposphere remains nearly zero year-round. A similar balance was obtained by KH using an idealized GCM forced with a tropical eddy heat source and solstitial boundary conditions.
Presumably, stronger easterlies would be observed in the equatorial upper troposphere during the monsoon seasons were it not for the convergence of westerly momentum into the equatorial belt by the stationary waves. Eddy fluxes are not taken into account in the axisymmetric models such as Lindzen and Hou (1988) and Fang and Tung (1999) , and thus such models tend to produce unrealistically strong easterly winds over the equator. Conversely, were it not for the easterly acceleration induced by the MMC, the equatorward flux of momentum associated with tropical stationary waves would lead to the buildup of westerly flow over the equator, as demonstrated by KH.
Observations indicate a strong tendency for the mass flux in the upper branch of the Hadley circulations and the flux of westerly momentum by the stationary eddies in the tropical upper troposphere to be in opposite directions. This tendency for opposition may reflect the preference for the zonally averaged tropical rain belts to occur at the same latitudes as the eddy forcing, so that upper tropospheric mass flux divergence coincides with the eddy flux convergence. Watterson and Schneider (1987) found that the meridional propagation of wave energy is enhanced when cross-equatorial mean flow is present, though they did not examine the fluxes of momentum associated with these waves. In view of their results, the observed correspondence between the strength of the MMC and the strength of the eddy momentum flux convergence over the course of the year suggests that perhaps strong mean meridional flow aloft may be necessary in order to obtain a strong stationary wave response to the zonal asymmetries in the heating. This relationship needs to be further examined for a better clarification of causality.
The upper tropospheric stationary waves, which are strongest near the 150-hPa level, are dominated by an anticyclonic Rossby wave couplet centered near or just to the west of the heating and an equatorial Kelvinwave signature to the east. Diffluent easterly flow around the western flank of the Rossby wave couplet, in combination with confluent westerly flow to the east of the heating, induces the equatorward eddy flux of westerly momentum.
A notable result is also the surprising amount of hemispheric symmetry present in the tropical stationary wave pattern throughout the year. Contrary to what might be expected on the basis of simple inferences based on the distribution of diabatic heating, this pattern is strongest not during the transition seasons, when the heating is most symmetric about the equator, but during the monsoon seasons, when the eddy forcing is located in the summer hemisphere.
Many of the features in the observations can be replicated with a simple model of the nonlinear solution to the shallow water wave equation forced with a tropical heat source. As observed, eddy heating on or near the equator leads to a Rossby wave response with an equatorward eddy momentum flux and the solution retains a high degree of equatorially symmetric component even when the heating is moved off the equator.
Another intriguing aspect of the seasonality of the tropical general circulation is the marked distinction between the April-May (AM) and October-November (ON) transition seasons. It is shown that AM is the season of strongest equatorial symmetry in the distributions of rainfall and MMC, and weakest stationary waves and eddy momentum fluxes. In ON the tropical rain belt remains centered north of the equator, resulting in a northward displacement of the Northern Hemisphere Hadley cell and subtropical jet streams relative to their AM positions. The reasons for these asymmetries have yet to be elucidated. 
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